Abstract-Studies have characterized conduction velocity in the right and left bundle branches (RBB, LBB) of normal and genetically engineered mice. However, no information is available on the action potential characteristics of the specialized conduction system (SCS). We have used microelectrode techniques to characterize action potential properties of the murine SCS, as well as epicardial and endocardial muscle preparations for comparison. In the RBB, action potential duration at 50%, 70%, and 90% repolarization (APD 50,70,90 
W ith the development of genetically engineered mouse technology, and the possibility to study the roles of specific ion channel proteins in the cardiac excitation, the murine experimental model has become a valuable tool in the investigation of the cardiac excitation process. [1] [2] [3] [4] [5] [6] However, the ionic mechanism underlying excitation of the heart in any species is dependent on the specific set of ion channel proteins expressed in the particular type of heart tissue, and an adequate use of a genetically altered heart requires, as an important first step, a sufficient understanding of its basic cardiac electrophysiology.
There are reports in the literature on action potential characteristics and ionic current mechanisms in cells from the murine working myocardium. [7] [8] [9] [10] [11] [12] In comparison, little information is available on the specialized conduction system of the mouse heart. Histological evidence, however, suggests that the fibers are distributed in a similar manner to that seen for larger animals and in humans. [13] [14] [15] In such hearts, for example, the atrioventricular node gives rise to a compact right bundle branch (RBB) that inserts into the intraventricular septum, with or without branching. In canines and humans, there is evidence that the left bundle branch (LBB), in contrast to the RBB, gives off several branches as it inserts into the septum and the ventricular free wall. Electrophysiological reports from such species show that, characteristically, Purkinje cells of the specialized conduction fibers have relatively negative resting potentials, a high rate of upstroke velocity, long action potential duration (APD) and a low internal resistance. Additionally, the cells demonstrate automaticity, which, however, is normally suppressed by the spontaneous activity of the dominant pacemaker cells of the sinus node. 16 -18 Atrioventricular propagation was recently studied in wildtype and mutant mice, 19, 20 and it was reported that targeted disruption of the gap junction protein connexin40 (Cx40) led to conduction abnormalities. Cx40 is the gap junction channel protein predominantly expressed in the His-Purkinje system. Recently, using a high-resolution optical mapping technique, we demonstrated slow propagation in the RBB of Cx40 knockout mice. 5 To our knowledge, however, there is no report in the literature on the action potential characteristics of the murine specialized conduction system. Furthermore, it is unknown whether abnormal spontaneous activity occurs in these cells as has been demonstrated for other species. The adult mouse averages 5 to 7 mm from base to apex and the left ventricular transmural dimensions are proportionately small. The left ventricular free wall, for example, is Ϸ750 m thick. 21 The diameter of the specialized conduction system fibers in the Purkinje network measures in the tens of microns at the most. The small size of the fibers clearly imposes technical constraints with regard to cell isolation. Optical mapping techniques are invaluable for propagation studies because they allow for multiple site recordings on the cardiac surface. In our previous study of propagation in the murine specialized conduction system, we showed that the RBB optical upstrokes precede the QRS complexes only by Ϸ3 ms. Thus, muscle activation effectively masks the optical signal of repolarization in the RBB. In this investigation, we have used the conventional microelectrode technique to profile the basic electrophysiology of cells in the murine specialized conduction fibers.
Materials and Methods
Experiments were carried out in septal tissue preparations (wedges) of mouse (Swiss Webster; Taconic, Germantown, NY) hearts, which contained Purkinje fibers in a web, as well as the RBB. Animals were cared for in accordance with guidelines described in the Guide for the Care and Use of Laboratory Animals, prepared by the Institute of Laboratory Animal Resources National Research Council. After isolation of the heart, the atria were removed from along the atrioventricular ring. Very carefully, the left and right ventricular free walls were then removed. The remaining wedge of septal tissue containing the Purkinje fibers could then be pinned down flat on either side and superfused. For the epicardial recordings, microelectrode impalements were made on the free wall of the right ventricle. The endocardial recordings were obtained from the septum. All recordings were performed in normal Tyrode solution, 5, 22 using the standard microelectrode technique (DC resistance of 20 to 30 M⍀ when filled with 3 mol/L KCl) on the stage of an Olympus SZ40 microscope, at 38Ϯ1°C. The preparations were driven using bipolar stimulating microelectrodes at pulse amplitudes of 0.2 to 0.3 mA, pulse duration of 2 ms, and basic cycle length (BCL) of 300 ms, except where otherwise stated. To pace the RBB, the stimulating electrodes were placed proximally, at the base end of the wedge preparation. Conduction velocity was measured by simultaneous impalements of fibers on the RBB. Staining of the conduction fibers was carried out as previously described, 5 using the acetylthiocholine iodide (ATCHI) stain. 23 All data acquisition and analyses were carried out using pClamp (version 6) suite of programs (Axon Instruments), which was installed on a microcomputer. Data are presented as meanϮSEM. When appropriate, statistical analyses were performed using ANOVA, and differences between subgroups were determined using the Bonferroni correction. Differences were considered significant at a value of PϽ0.05.
Results

Morphology and Action Potential Properties of the Mouse His-Purkinje
In a previous report, 5 we used high-resolution optical maps to study impulse propagation in the RBB of the right ventricular septal wall of the mouse. In that study, the path of impulse propagation correlated well with a segment of the RBB, as revealed by the ATCHI stain. ATCHI precipitates in the presence of acetylcholinesterase activity that is present on the Purkinje cells of the conduction system. 5, 23 In the present study, we used a combination of ATCHI stain and microelectrode impalements to characterize the electrophysiology of the mouse conduction system. Figure 1 is a set of photomicrographs of the right ventricular septal wall. In Figure 1A , the right ventricular free wall has been resected to show the structures in the ventricular cavity. Figure 1B is a close-up of the boxed area in Figure 1A and shows the extensive network of Purkinje fibers (referred to hereafter as the web) within the cavity. The shadow of a microelectrode can be seen in both Figures 1A and 1B. Figure  1C was taken from another heart and shows the septal wall with the associated septal artery, the papillary muscle as well as the chordae tendineae of the tricuspid valve. Another image of this heart is shown in Figure 1D after staining with ATCHI. In this heart, the fibers of the RBB and its branches could be visualized as brown structures (arrows) running alongside the septal wall artery. As shown in Figure 1D , staining of fibers left an imprint or a shadow of the blood vessel. Note that in the preparation the septal artery is forked at the proximal (base) end as well as at about halfway toward the apex (indicated by the asterisk), as it runs toward the anterior papillary muscle. Importantly, note that the branch of the septal artery is devoid of the fibers. Consistent with this is the lack of staining along the edges of this vessel in Figure 1D (asterisks). During the isolation of the preparation, inspection of the septal wall and the endocardial surfaces of the right and left showed several Purkinje fiber branches, which in several cases, visibly, were spontaneously active. This conspicuous distribution of the fibers, especially along the septal artery, facilitated the microelectrode recordings in this study.
Consistent with the ATCHI stain of the fibers of the conduction system (shown in Figure 1 ), a microelectrode map of the right ventricular septal wall revealed a distinct profile of the action potentials, which could be recorded from cells along the septal artery, indicating that the RBB (or a branch of it) runs parallel to an artery that is midline on the septal wall to approximately two-thirds down the septum. To characterize regional action potential profiles of the specialized conduction system (Figure 2 ), electrical recordings (BCLϭ300 ms) were carried out from the RBB (Figure 2A ) as well as from the web in the right ( Figure 2B ) and left ( Figure 2C ) ventricles. The action potentials were characterized by a prominent phase 1 repolarization and a very distinct phase 2, which occurred usually between Ϫ15 and Ϫ50 mV. In a few cases, especially from cells within the web, phase 1 repolarization was followed by a transient depolarization resulting in a characteristic notch or a spike-and-dome configuration reported for some cardiac cells. 24 -26 This action potential property is discussed in a later section. Figure 2D shows spontaneous action potentials recorded from a fiber within the web of the right ventricle.
Action potential parameters from the RBB and the webs of the right and left ventricles are presented in Table 1 . These results show that the action potential duration of cells in the mouse conduction fibers is very long (APD at 90% repolarization [APD 90 ] is Ϸ90 ms in the RBB) and has a very distinct profile of a prominent phase 2. The data in Table 1 show that His-Purkinje fiber maximum APDs were significantly longer in the right ventricle compared with the left ventricle. However, in the webs, APD 50 was significantly longer in the left than in the right ventricles (PϽ0.05). Yet web APD 90 was larger in the right than in the left ventricle. In a separate set of experiments, we determined the effect of the pacing rate (BCLϭ100 to 300 ms) on the action potential properties of the RBB (Figure 3) . In Figure 3A , action potentials recorded at 100-ms and 300-ms BCL have been superimposed. The action potential at a BCL of 100 ms was truncated to eliminate stimulus artifact. Results from three cells are summarized in Figure 3B , and the results show that compared with a BCL of 300 ms, APD 90 was significantly reduced at a BCL of 100 ms. Note also that APD 50 was unchanged by the different pacing rates.
We have compared in Figure 4 the properties of action potentials recorded from cells in the epicardial ( Figure 4A ) and endocardial (septal, Figure 4B ) surfaces of the right ventricular working myocardium. Recordings were carried out on the septum to compare APDs between the cells in the RBB and in the adjacent muscle. Figure 4C is a superimposition of an epicardial, an endocardial, and an RBB recording. The action potential parameters for the epicardial and endocardial preparations have been presented in Table 2 for comparison. The action potential duration was significantly longer in the specialized conduction fibers than in the myocardium. Importantly, these durations are longer than any previously reported values from cells isolated from the murine myocardium. At the pacing rates in these experiments (BCLϭ300 ms), the action potentials were Ϸ2 to 3 times longer than the values reported for myocardial cells. Several reports have shown that there are regional differences in APD in the myocardium of several species. [27] [28] [29] [30] [31] In one of these studies, it was shown that, in the mouse, APDs were significantly longer in cells isolated from the septum than in those from the apex. 30 In addition, it was reported that APD 75 is nearly 50% longer at the base compared with the apex. 31 An examination of Table 2 shows that our results are consistent with such findings, given that APD 50,70 in the endocardium was significantly longer than in the epicardium. As stated previously, a microelectrode map of the septal wall revealed the approximate path of the RBB on the septal wall. Using multiple electrode impalements during bipolar stimulation, we estimated the speed of impulse propagation along the conduction fibers. The stimulating electrode was placed at the base of the septal preparation, and the microelectrode impalements for recording were made distal to the stimulating electrode, toward the apex of the heart. These measurements were carried out in three septal preparations, an example of which is shown in Figure 5 . The figure shows two His-Purkinje action potentials recorded along a fiber, with simultaneous impalements of two microelectrodes placed 1.2 mm apart. Note the characteristic profile of the His-Purkinje action potential as shown in Figure 2 . Figure 5B is an expansion of the time base illustrating the delay in propagation to the proximal and distal recording electrodes. In this preparation, conduction velocity was 1.1 m/s, and in three different preparations averaged 0.85Ϯ0.2 m/s (Table 1) . Using a high-resolution optical mapping technique, we had previously reported propagation velocity of 0.75 m/s in the RBB of the mouse. 5 
Early Afterdepolarizations in the Mouse His-Purkinje System
As previously stated, in cells within the network of fibers in the endocardial surface, phase 1 repolarization is occasionally followed by a transient depolarization resulting in a characteristic spike-and-dome configuration ( Figure 6A ). However, note the relatively negative value of potential at which this depolarization occurs. In some instances, cells with the morphology demonstrated spontaneous electrical oscillations in phase 2, which occasionally resulted in early afterdepolarizations (EADs). In this study, we could record EADs in 3 of the 10 preparations investigated. Properties of EADs in one of these preparations are shown in Figures 6B and 6C . After impalement, the BCL was increased from 300 to 400 ms. Figure 6B is a 7-second recording period from the same fiber showing seven normal action potentials and two incidents of EADs (BCLϭ400 ms). In the same cell, when the BCL was increased to 500 ms ( Figure 6C ), all responses to the stimulus resulted in EADs.
Discussion
We have characterized the action potential morphology and arrhythmogenic properties of cells in the murine specialized conduction system. The action potential has a very long duration, with a characteristic profile (prominent phase 2) not previously reported for cells isolated from the murine myocardium. This profile was observed for cells in the Purkinje cell network (web) of the right and left ventricles, as well as in the RBB fibers on the septal wall. Stimulating at shorter BCLs reduced the APD 90 but not the APD 50 . Action potential configuration from the neighboring (septal) endocardium as well as the epicardium had very different action profiles. In comparison with the data reported for other species, the mouse His-Purkinje action potentials are significantly much longer than those recorded from the epicardial or endocardial ventricular myocardium. The data also indicate a potential role of the specialized conduction system in arrhythmogenesis in the mouse heart.
Electrophysiology of the Murine Specialized Conduction System
The combination of the ATCHI stain and microelectrode impalements has shown that the distribution of the RBB and Purkinje fibers of the mouse conduction system is, in general, similar to that reported in other species. 14, 15 However, in the mouse strain investigated (Swiss Webster), we found that the RBB was, very frequently, intimately associated with the septal artery in the right ventricle and could be visualized under bright field as white fibers running along the artery in base to apex direction. Our investigation provides the first available data on the action potential properties of the murine His-Purkinje system. Several of the electrophysiological characteristics presented in this study are consistent with data from Purkinje cells from other species. 15, 32 In one of these studies, action potential properties of Purkinje cells were profiled in cow, sheep, and canine. 32 The freshly isolated cells had a maximum diastolic potential of Ϫ70 and Ϫ85 mV, upstroke velocity of 150 to 750 V/s, and an overshoot of about ϩ30 mV. Those results also showed that cells rapidly repolarized to a plateau phase between Ϫ15 and Ϫ30 mV. The Purkinje cell properties are thought to provide adequate propagation as well as ensure safe mechanism against reentrant circuits during cardiac excitation. 15 In comparison with other species, 32 however, our results in the mouse show that at BCLs of 300 ms, APDs are much longer (2-to 3-fold; Ϸ100 ms versus 36 ms) in the murine His-Purkinje, than in the muscle cell. It must nevertheless be stated that, in comparison to these other species, the murine APD is relatively very short. Also, our results show that His-Purkinje fiber APD 90 is longer in the right ventricle compared with the left ventricle, as has been previously reported for the canine specialized conduction system. 15 In the mouse, the heart rate is Ϸ200 to 636 bpm 19, 22, 33, 34 ; a rhythm with cycle length of 100 ms is therefore conceivable. Our results also show that at a BCL of 100 ms, the His-Purkinje action potentials are still significantly (2-fold) longer than in the muscle. The APD 50 was unchanged by faster (BCLϭ100 ms) pacing, and the action potentials retained a prominent phase 2.
Characteristically, cells isolated from the murine myocardium have brief action potential durations, with ADP 90 averaging Ϸ25 to 40 ms. 9 -11,30 In the myocardial cells, a prominent role in membrane repolarization has been ascribed to four kinetically distinct K ϩ currents. 35 The myocytes had a rapidly inactivating transient outward current (I to,f ), a slowly inactivating current (I K,slow ), a noninactivating, steady-state current (I ss ), and, in a small subset of the cells that lacked I to,f , a slowly inactivating transient outward current dubbed I to,s . In another study, 30 the investigators reported that action potential waveforms were distinct in the murine septum and apex, which they attributed to differences in the expression of the fast and slow components of the transient outward current. For example, it was reported that whereas I to,f was present in all left ventricular apex cells and most of the cells isolated from the septum, I to,s was exclusively confined to cells from the left ventricular septum. Importantly, it was shown that APD 70 was twice as long in the septum than in the apex. Although we have not carried out any measurements of ionic currents in the His-Purkinje cells in the present study, we speculate that qualitative and quantitative differences in expression of the identified ion channels underlie the HisPurkinje cell action potential waveform.
EADs in the Mouse Conduction System
Our results also showed that the action potential waveform of cells in the network branches of the RBB (spike and dome profile) occasionally resulted in EADs. Afterdepolarizations are spontaneous oscillations in membrane potential that occur during and after the repolarization process and are thought to involve abnormalities in the ionic current mechanisms associated with repolarization. 36 It has been suggested that, potentially, these oscillations may be arrhythmogenic by forming impulses repetitively in the myocardium. 36, 37 A hallmark feature of the afterdepolarizations is their frequency dependence. The incidence of an EAD is increased as the BCL is increased, with the opposite effect seen with delayed afterdepolarizations (DADs 37 ).
Previous experimental and simulation studies have shown that EADs are increased with low-frequency pacing. 38, 39 The studies show that the L-type calcium current is necessary as a depolarizing charge carrier during the EAD. It was also demonstrated that the relative contributions of the calcium current (I Ca ) and the delayed rectifier current (I K ) to the total membrane current (in the period critical for EAD formation) determined the incidence of the EAD. At relatively slow rates, there is a net inward current, favoring EAD formation. However, the activation/deactivation properties of I K at relatively fast rates of pacing allow a significant amount of I K to remain, enough to offset the inward current, and to prevent the formation of EADs. 38 The molecular mechanism of EAD formation in the Purkinje cells of the murine specialized conduction system cells, however, will be unknown until the nature of the ionic currents in the cells is characterized.
We did not record any EADs or DADs in the murine muscle tissue preparations. This is consistent with data from a relatively recent study showing that no EADs could be recorded in isolated murine wild-type cells with pacing at 1 or 3 Hz. 40 However, it was reported that EADs could be recorded from the myocardium of a mutant (Kv4.2W362Fϫ Kv1.4 -/-) mouse. 40 Interestingly, the EADs showed a frequency dependence of the type seen for DADs. The presence of EADs in the specialized conduction system may be attributable to the comparatively long duration of repolarization in the Purkinje fiber. It is expected that the relatively negative values of membrane potential in phase 2 will enable the reactivation of depolarizing ionic currents and will predispose the fibers to these oscillations. It is also expected that the negative voltage of the plateau may indicate different ionic mechanisms for the EADs in the mouse than in most other species. It is noteworthy, though, that similarly negative membrane potential value for phase 2 was shown for Purkinje cells isolated from the sheep. 32 In conclusion, we have profiled, for the first time, the electrophysiology of the murine specialized conduction system. The action potential characteristics shown in the present study have not been previously reported for cells isolated from anywhere in the murine myocardium. The data indicate a potential role of the specialized conduction system in arrhythmogenesis in the mouse heart. In general, the data are important for understanding the excitation process as well as future modeling studies on the murine myocardium.
